Abstract-This paper describes the design of a planar FabryPerot leaky wave antenna generating a at-topped radiation pattern. The at-topped pattern is achieved by exciting various leaky-wave modes between a metallic ground plane and a superstrate. Two con gurations for the superstrate structure are proposed and analyzed: i) dielectric layers; ii) impedance sheets. In all cases, the antennas are fed by a small waveguide opening in the ground plane. An in-house optimization tool based on a Green's function spectral approach is used to derive the appropriate arrangement for the generation of the required attopped pattern. The proposed approach is validated numerically for an antenna generating a at topped pattern in an angular range of ±25 . The proposed at-topped antenna may be used for the design of phased arrays with reduced scan losses over a given angular range.
I. INTRODUCTION
Planar leaky-wave antennas (LWA) have been studied for decades as ef cient and low cost antenna solutions [1] . During the years, different con gurations have been proposed for various applications in the millimeter wave range. Here we will focus our attention on the so-called Fabry-Perot leaky-wave antennas. In this case an arrangement of dielectric substrates or impedance surfaces is placed over a metallic ground plane in order to enhance and/or modify the radiation properties of simple elementary sources. In particular, the possibility to enhance the gain of simple sources in the broadside direction has been widely investigated in literature [2] - [10] . Pattern shaping using leaky-wave modes and Fabry-Perot antennas have been also proposed in [11] - [13] for maximizing the aperture ef ciency and edge of coverage gain of re ector systems.
In this paper an approach similar to that proposed in [11] will be used to generate at-topped radiation patterns with Fabry-Perot LWA antennas. Flat-topped radiation patterns are suited as element pattern for phased arrays designed to scan their beams over a given eld of view. In particular, the attopped element pattern allows to reduce scan losses resulting from the appearance of grating lobes in the visible range [14] , [15] . The structures considered here are shown in Fig. 1 . In all cases, the antenna is fed by a square waveguide opening in the metallic ground plane. As a difference with [11] and [15] an optimization tool is used to derive directly the antenna con guration ful lling the pattern requirements. The paper is organized as follows. Sec. II introduces the optimization tool used for the shaping of the radiation pattern. Sec. III shows two designs of Fabry-Perot LWAs with a attopped radiation pattern in the angular range = ±25 using two kinds of superstrates: 1) dielectric substrates; 2) inductive impedance sheets. In all cases, the operating frequency is equal to f 0 = 10 GHz. The proposed designs are validated by fullwave simulations. Finally conclusions are drawn in Sec. IV.
II. OPTIMIZATION TOOL
An optimization tool has been developed for shaping the radiation pattern of planar leaky-wave antennas. The aim of this tool is to nd the antenna based on a superstrate con guration as in Fig. 1 , giving a at-topped radiation pattern 978-88-907018-4-9/14/$31.00 ©2014 IEEE over a de ned angular region.
The total electric eld radiated is considered and the approach is applicable to the two structures described in Fig. 1 . In the following we will focus our attention on the possibility to shape the total radiated eld in the E-and H-planes. However, the same approach may be used to control the radiated eld over other planes or for all azimuthal angles. The critical point of the optimization procedure is a fast evaluation of the radiation pattern of the structures under analysis. A Green's function spectral approach is adopted here [11] speeding up the computational time of the optimization tool. The electric eld radiated by a generic magnetic current distribution over the ground plane of the structure can be expressed as:
with k x and k y the spectral variables. V = (ab)/2 is the reference voltage and it depends on the lateral dimensions a and b of the feeding waveguide. M is the Fourier transform of the equivalent magnetic current distribution generated by the feeding systems. In the following we will consider a double slots con guration [11] and a waveguide opening in the ground plane. G em is the spectral dyadic Green's function associated to the electric eld for magnetic currents where, V T E/T M are the voltages of the pertinent transmission line representation of the structure under analysis. Transverse electric (T E) and magnetic (T M) modes are considered. Note that V T E/T M are function of the spectral variables and vertical position in z. The dyadic Green's is given by [11] :
Since we are interested in the far eld of the considered structure, the radiated electric eld is evaluated in the asymptotic form as:
with k 0 the free space wavelength, k x0 = k 0 sin cos , k y0 = k 0 sin sin and Fig. 1 (a) and Fig. 1 (b) , respectively.
The classical spherical coordinate reference system (r, , ) has been considered as shown in Fig. 1 . Eq. 3 is used all along the optimization procedure.
The rst step of the optimization procedure is the de nition of the required at-topped radiation pattern in the two principal planes. The requirements on the radiation pattern de ne a mask for the total electric eld E(r, , ), in the two principal planes as:
where 0 < C s < C c < 1 are xed limits for the normalized module of the total electric eld, and 0 < c < s < 90 are angular limits for the at-topped radiation pattern in the E-and H-planes. In particular c and C c controls the main beam of the at-topped radiation pattern whereas, s and C s its side lobe characteristics. The function max() indicates the maximum value of the quantity within brackets. Note that the E-and H-plane corresponds to the yz-plane ( = 90 ) and xzplane ( = 0), respectively. The provided mask also de nes a reference solution Ref in the two principal planes equal to C c and C s for 0 < | | < c and s < | | < 90 , respectively. The range and step of variation of the design parameters of the considered structure are then provided. For the LWA made by dielectric layers (Fig. 1 (a) ), the design parameters are: thicknesses of the dielectric substrate (t dn ), periodicities (t n ), dielectric permittivities ( r ), number of layers (N ) of the strati cation; whereas for the LWA made by impedance sheets (Fig. 1 (b) ), the design parameters are: impedance surfaces (Z sn ), periodicities (t n ), number of layers (N ) of the strati cation. A double slot con guration has been used as feeding element for the the superstate con guration made by dielectrics as in [11] . The reasons to use such a feeding system are twofold: reduce the side lobe level induced by higher order leaky-wave modes; improve the matching performances at the input port. On the other hand, a simple waveguide aperture of size a×b has been used for the impedance sheet case, since no higher order leaky-wave modes perturb the radiation pattern in the visible range. In this case, a stepped waveguide section has been used for matching purposes. The feed parameters have been also included in the optimization procedure. An exhaustive search is made within the de ned sets of variation for the design parameters for deriving the far eld pattern ful lling the required mask. Such a direct approach is possible thanks to the fast evaluation of the radiated far eld. However, other optimization schemes may be adopted to further speed up the optimization process. For each combination (q) of the design parameters and two reference planes, the squared error of the derived far eld pattern is derived as:
with err the angular region where the derived eld does not ful ll the required mask. A solution is found when the derived far-eld pattern lays within the imposed mask or the squared error (q) is lower than a certain threshold.
III. FLAT-TOPPED RADIATION PATTERN
The optimization procedure proposed in Sec. II is used here to design two LWA structures generating a at-topped radiation patten and made by two kinds of superstrates: 1) dielectric substrates; 2) inductive impedance sheets. The operating frequency is chosen equal to f 0 = 10 GHz. The following mask is imposed on the radiation pattern in two principal planes: 
The mask is set to provide a ripple within the central region lower than 3 dB and a worst-case side lobe level of 15 dB. Note that this mask is chosen as an example. However, other requirements may be de ned based on the considered target application [14] , [15] .
A. Dielectric superstrate
The geometry of the dielectric based Fabry-Perot LWA is shown in Fig. 1 (a) . The range of variation for the various design parameters has been chosen equal to: /4 t i , t di 5/4 , 16 mm a, b 30 mm, 2 r 12. The maximum number of dielectric layer N was set equal to 3. The antenna structure resulting from the optimization process is shown in Fig. 2 . It is made by one dielectric substrate of permittivity r = 5. The dielectric substrate thicknesses is t d1 = 11.7 mm and is placed at t 0 = 14.6 mm from the ground plane. It is worth noting that t 0 does not assume an integer multiple value of 0 /2 (free-space wavelength, 0 = 30 mm) as in [2] , leading to good results both in bandwidth and in re ection coef cient (input re ection coef cient lower than 10 dB in a 16 % bandwidth around the central frequency f 0 ) despite of the high permittivity of the substrate. The nal parameters of the double slot con guration are d = 18 mm, s = 25 mm and w = 2.5 mm, (refer to Fig. 2 ). This feeding system has been used to reduce the side lobe level of the nal radiation pattern in the E-plane [11] . The two slots are fed in phase by a square waveguide with side length of a = 23 mm. For feeding purposes, the waveguide is connected to a standard WR-90 waveguide by a tapered transition. Fig. 3 shows the radiation patterns in the E-plane ( = 90 ) and H-plane ( = 0 ) provided by HFSS. The radiation patterns are within the imposed mask. The mask is reported in Fig. 3 for clearness.
The dispersion diagrams of the obtained LWA structure are shown in Fig. 4 for a better understanding of its physical operation. It follows that the main couple of leaky-wave modes (T M 1 , T E 1 ) is not pointing at broadside at f 0 = 10 GHz, but at = 25 , i.e. at the angular limit c of the at-topped radiation pattern. The T M 0 mode generates a side lobe in the E-plane around = 60 . This side lobe is suppressed using the rst zero of the array factor of the double slot feed con guration. 
B. Impedance sheet
The geometry of the sheet impedance based Fabry-Perot LWA is shown in Fig. 1 (b) . The range of variation for the various design parameters has been chosen equal to: /4 t i 5/4 , 16 mm a, b 30 mm, j10 Z si j500 Ohm. The maximum number of dielectric layers N was set equal to 3. Note that in this paper, only inductive surfaces have been considered. However, the procedure may be applied to capacitive surfaces as well.
The nal results of the optimization procedure is a LWA made by a single impedance surface of Z s = j220 at a distance t 0 = 14.1 mm from the ground plane (Fig. 5) . The feeding waveguide is made by a square waveguide with side length equal to a = 28 mm. The latter is connected to a WR-90 waveguide by a matching transition, as shown in Fig. 5 . The re ection coef cient is lower than 10 dB in a 9 % bandwidth around the operating frequency f 0 . The radiation patterns obtained with HFSS are shown in Fig. 6 . The patterns in the E-plane ( = 90 ) and H-plane ( = 0 ) are within the imposed mask. It is worth saying that the impedance surface can be implemented by using a periodic arrangement of slots over a metallic layer [5] .
The dispersion diagram for the resulting structure is shown in Fig. 7 . Also in this case, the main couple of leakywave modes (T M 1 , T E 1 ) is not pointing at broadside at the operating frequency f 0 . As a difference with the previous case, the T M 0 is radiating toward end re [15] and does not introduce a side lobe within the visible range.
IV. CONCLUSION
An optimization tool for Fabry-Perot LWA generating attopped radiation patterns have been proposed. The considered LWA structures are based on superstrate con gurations of dielectric substrates and impedance sheets. The solution of the problem is obtained through an exhaustive search within
The 8th European Conference on Antennas and Propagation (EuCAP 2014) a de ned range of variation for the design parameters of the structures. The optimization tool uses a spectral Green's function approach to ef ciently calculate the far eld radiated by the LWA structures at each step of the optimization procedure speeding up the computational time. The nal results of the optimization tool are the geometrical parameters of the considered con guration generating the required attopped radiation pattern with de ned radiation characteristics in terms of main beam and side lobe level. Two antennas have been designed to validate the proposed approach and validated by full-wave simulations. The two structures are made by a superstrate con guration of dielectric substrates and impedance surfaces, respectively. The resulting radiation patterns present a at-topped behaviour in the angular range 0 | | 25 in the E-and H-planes together with a low side lobe level (< 15 dB) and an important roll-off. The obtained LWA structures may be used as radiating element for phased arrays with periodicity higher than a wavelength for reducing the scan losses due to the appearance of grating lobes in the eld of view.
